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Elimination of a Misfolded Folding Intermediate by a Single Point Mutation
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ABSTRACT:. We present an analysis of the folding behavior of the 159-residue major birch pollen allergen
Bet v 1. The protein contains a water-filled channel running through it. Consequently, the protein has a
hydrophobic shell, rather than a hydrophobic core. During the folding of the protein from either the urea-,
pH-, or SDS-denatured state, Bel transiently populates a partially folded intermediate state. This state
appears to be misfolded, since it has to unfold at least partially to fold to the native state. The misfolded
intermediate is not, however, a result of the water-filled channel in Bet v 1. The intermediate completely
disappears in the mutant Tyr Trp120, in which the channel is still present. Tyr120 appears to behave
as a “negative gatekeeper” which attenuates efficient folding. The close structural homologue, the apple
allergen Mal d 1, also folds without any detectable folding intermediates. However, the position of the
transition state on the reaction coordinate, which is a measure of its overall compactness relative to the
denatured and native states, is reduced dramatically from ca. 0.9 inB® around 0.5 in Mal d 1. We
suggest that this large shift in the transition state structure is partly due to different local helix propensities.
Given that individual mutations can have such large effects on folding, one shouéd prairi expect
structurally homologous proteins to fold by the same mechanism.

When interest in the kinetics of protein folding started to there are many routes to the native state, and one cannot
grow in the early 1960s and early 1970s, the prevailing view talk directly of on- versus off-pathway, although there may
was that proteins had to fold by specific “folding pathways” be preferred pathway4@). A smooth funnel with no major
(1, 2). That is, all protein molecules followed the same obstacles will lead to fast two-state kinetics, whereas in a
structural road map and folded to the native state through amore rugged landscape, the protein will experience a greater
series of well-defined states. In thigeltanschauungnter- likelihood of being trapped temporarily in local minima,
mediate or partially folded states were seen as key playersleading to multistate kinetics. In such a context, on- and off-
whose structural properties, as well as the kinetics of their pathway concepts lose their meaning, although one can still
formation and decay, were central to the elucidation of the use terms such as “folding detours” and “misfolding” to
so-called folding code. Folding could be seen as a progres-indicate that the conformation of the protein in such minima
sion through a set of states with increasing degrees of nativecontains elements of non-native structure which have to be
structure until the native state was finally attained. Once unraveled for the protein to attain the native state. Note that
intermediates were observed experimentally, the questionalthough a folding process involves the entire energy
arose whether they were on- or off-pathway, that is, landscape, experimentalists are limited by what they observe,
obligatory milestones leading in the right direction or kinetic i.e., the simple relaxation phases typically observed during
traps which the protein had to escape by unfolding to get folding and unfolding, which reflect the minima and maxima
back on the “track” to the native state. There was kinetic populated by protein states or ensembles in free energy
evidence for both kinds of intermediaté&; 4). The perceived  profiles. This means that traditional pathway schemes are
role of intermediate states was altered by two developmentsstill the preferred medium for analyzing the experimental
in the 1990s. The first was the observation that many small variables {1). Nevertheless, intermediate states retain their
proteins fold without detectable kinetic intermediatgsd), relevance for protein folding, since characterization of the
indicating that intermediates were not essential in the searchproperties of such partially folded states gives greater insight
through conformational space. In cases when this class ofinto the details of the energy landscape, and provides data
proteins could be induced to form intermediates, for example, for theoreticians to reproduce in folding simulatiori)(
by performing the folding experiment in the presence of In this report, we describe the observation of a partially
inorganic salts which favor compact states, these states werdolded state during the folding of the major birch pollen
observed to slow folding in a manner consistent with an “off- allergen Bet v ,a 159-residue protein, consisting of a seven-
pathway” intermediate7]. The second was the rise of a new stranded antiparallgd-sheet wrapped around a 25-residue
view of folding, which replaced folding pathways with C-terminal o-helix (Figure 1A) (L3). Two small helices
energy landscapes and folding funneds ). In this view, separate thg-sheet from the C-terminal end of the long
* - helix. Bet v 1 contains a large, forked cavity, 30 A long
o e D or e S e 241250 fo a2 with @ volume of approximately 1500%Auich runs through

# Aalborg University. the entire structure and has three openings to the protein

8 ALK-Abellé A/S. surface. The surface of the cavity is mainly hydrophobic but
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Ficure 1: (A) Stereoview of Bet v 1, indicating the position of the mutated Tyr120 and the cavity traversing the length of the molecule.
The structure of the cavity was determined using the cavity calculation option in Vdé@noThis probe-occupied cavity is defined by the
surface of a rolling probe with a radius of 1.4 A. The position of water molecule 263 was used as a starting point for the cavity calculation.
This portion of the figure was made using PyMélL). (B) Alignment of Be& v 1 and Mal d 1 sequences using Multal2).

contains polar residues D27, D69, Y81, Y83, N100, Q132, deoxycholate and brassinosteroids)( Deoxycholate binds
and S136, all of which hydrogen bond to four water to the cavity by a combination of H-bonds (to Bet v 1
molecules found in the cavityl8). Because of this cavity, backbone atoms and side chains) and extensive van der
Bet v 1 does not contain a dense, hydrophobic core and haswVaals contacts (between the polycyclic ring of deoxycholate
a high surface area:size ratio, although it does not containand aromatic and aliphatic side chains lining the cavitg).(

more polar residues than an average globular protein [47.7% 1pq study presented here was prompted by curiosity with
0, I . . . .
forBetv1vs anera?e Of(;l%.z 30.1@)]' Thekcawty %robablyr/] regard to the folding of a protein lacking a large hydrophobic
SEIVes "’Ils a grge fﬁg _d'm | N9 poct et, an ‘ W% ?ve core. The hydrophobic effect, which is the entropically
previously used an A ISplacement assay 1o iden ify favorable release of water caused by the burial of hydro-
possible phy_suologlcal Ilgands such as fatty acids and plant phobic surface area to form a hydrophobic core, is generally
hormones witK values in the low micromolar rang&?q)_. regarded as one of the central driving forces in protein folding
This has been corr oboratgd by recent crystallographm and(l?) and its absence in Bg 1 might be expected to lead to
mass spectrometric studies of tBe 1 in complex with slow folding or multistate kinetics. Our data suggest that a
 Abbroviat ANS. B-amino-Lnaohial fomc acid: Bet partially folded state is formed transiently during Bet v 1's
reviations: , o-anilino-1-nap alenesultonic acia; bet v H . H H : H
1, major birch allergen; C, off-pathway intermediate state; CD, circular foldlng, however, this state appears to be a klnet!C trap WhICh
dichroism; D, denatured state; I, on-pathway intermediate skate; IS Not a consequence of the lack of a hydrophobic core, since
folding rate constantkss Observed rate constark;, unfolding rate it is eliminated by a single mutation and does not form for
constant; Mal d 1, major apple allergen; MES, Kfiorpholino)- 3 ¢lose structural homologue of Bet v 1. Thus, the folding
ethanesulfonic acid; MOPS, 3{morpholino)propanesulfonic acid; N, landscape of Bev 1 is rugged but is not significantly affected

native state; SDS, sodium dodecyl sulfate; Tris, tris(hydroxymethyl)- ]
aminomethane; Y120W, Tyr126- Trp mutant of Bet v 1. by the presence of the cavity.
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EXPERIMENTAL PROCEDURES at 0 M urea for the native and denatured states, respectively,
By andfp are the slopes of the baselines of the native and
denatured states, respectively, and [sygais the urea
concentration where 50% of the protein is denatured.
Nonlinear least-squares regression analysis was carried out

were from Sigma-Aldrich (St. Louis, MO). B& 1 isoform . . . .
e with Kaleidagraph, version 3.5 (Synergy Software, Reading,
2801 was used in this study. TheBel Y120W mutant PA). From the fit to eq 2, the stability of Be 1 in water is

was constructed using QuickChange site-directed mutagen- .
esis (Stratagene, La Jolla, CA) using the manufacturer’s calculated as follows20, 21):

instructions. The mutation and integrity of the open reading AG = —RTIn(10 urea., 3
frame were confirmed by DNA sequencing. Wild-type Bet b~N (10)mp -[ureaos ®

v1,Betv1Y120W, and Med 1 were expressed in fusions  p_induced denaturation experiments were performed using

with the maltose binding protein using the pMAL-C vector cp at a protein concentration of 2. The ellipticity was

and purified as described previoustig|. Two other Betv  foliowed at 222 nm in the following buffers (50 mM): 0.1

1 mutants produced to report about structural changesy; Hcj at pH 1, glycine at pH 23.5, sodium acetate at pH

elsewhere in the protein (F22W and F58W) were only 3.7-4.7, MES at pH 6, MOPS at pH 7, Tris at pH-8,

obtained in very low yields and were not studied further. glycine at pH 16-11, and 0.1 M NaOH at pH 13. Thermal
Equilibrium Denaturation Experiment&quilibrium fluo- scans at different pH values were carried out using these

rescence studies were carried out by excitation at 278 nmy ffers.

and emission at 308 nm (wild-type Bet v 1) or excitation at  Thermal CD denaturation experiments were carried out

280 nm and emission at 350 nm (Bel Y120W) on an 4 protein concentrations of 1M in 50 mM buffer with a

RTC2000 spectrometer from Photon Technology Interna- ¢oan rate of 60°C/h at 220 nm. Data were fitted to the
tional (Lawrenceville, NJ). Five scans were averaged to yield following equation 22):

the final spectrum. Equilibrium circular dichroism studies

were performed ona Jafsc_p J-715 sp.ectropolarimeter (Jasco ay + BT+ (ap + ﬁDT)e_[AHTm(l_T/Tm)]/RT

Spectroscopic Co., Hachioji, Japan) with a Jasco PTC-348W1 0=

temperature control unit. Six scans were averaged to yield

the final spectrum. ] )
Urea denaturation experiments were carried out at proteinWhere®o is the raw CD signalaw andap are thed values

concentrations of ca. 2V (fluorescence studies on wild- for the folded and denatured states, respectively, at 298 K,

type Bé v 1 and Y120W) or 1QuM (circular dichroism pn andpp are the slopes of the baselines of the native and
studies on Mbd 1 and wild-type Bet v 1) in 10 mM MOPS  denatured states, respectively, akidlr, is the enthalpy of
(pH 7) at 25°C. Urea stock solutions (10 M) were prepared unfolding at the m|dp0|nt_of denaturatiofi(). WhenAI—_|Tm
fresh on a daily basis. Each protein sample was allowed to andTm. are measured at d|fferent pH values, the specific heat
equilibrate fa 2 h before being measured. Ellipticity values capacity AC, can be obtained as the slope of the plot of
at 222 nm were used, since they showed the greatest chang@Hr,, VersusTn (assuming for simplicity thahC, is constant
upon denaturation. Absorption by urea prevented us from N the expenm.e'ntal temperature range). Using this value of
going below 215 nm. The ellipticity and fluorescence values ACy: the stability of Bé v 1 at anytemperature can be
are analyzed using the linear extrapolation mettic 20), calculated as

which is based on the relationship AG; = AH, — TAS, =

urea__ T

log Ky "= log Kp_, "™ + m,_yJurea] (1) AHTm(l — T—) — ACp[Tm -T+T In(Tl)] (5)
m, m,

Materials. Factor Xa and the pMAL-c vector were from
New England Biolabs (Beverly, MAxx-Cyclodextrin was
from ICN Biomedicals (Aurora, OH). All other chemicals

(4)

14+ e—[AHTm(l—T/Tm)]/RT

whereKp_y ([D)/[N]) is the equilibrium constant of unfold-
ing andmp_y is a parameter which reflects the degree of
surface area buried in the native state, N, relative to the
denatured state, O19). The larger then value, the greater

Stopped-Flow Folding and Unfolding Experimer@tpped-
flow fluorescence measurements were performed on an
Applied Photophysics (Leatherhead, U.K.) SX18MV stopped-

the difference between N and D in exposed surface area.flOW apparatus with a 3|05 n?']l (wild—%pe Beta/ 1) folr d'320
The advantage of this standard linear extrapolation approachnm (Bet vi Y120.V.V). glass filter. Fo iing and untolding
is that it allows us to compare equilibrium and kinetic data, experiments were initiated by 10-fold dilution of the protein

: i ; from 4.4 amd O M urea, respectively, to the appropriate final
and thus test the consistency of kinetic interpretations (see ) . .
below). Assuming a linear dependence of the pre- and post-Uréa concentrations in 10 mM MOPS (pH 7). This allowed

transition baselines on urea concentrati®@ 21), we obtain us to measure over the range ofGZlM urea. To assess
the following equation for urea denaturation curves: refolding ‘.”‘t lower urea cont;entraﬂons, pH-jump experiments
were carried out. The protein was denatured at pH 2.1 (where

Yops= unfolding is most pronounced; see Figure 3A) in HCI and
ovs refolded into final urea concentrations 0f0.6 M in 50
oy + Bylurea] + (o + Bp[ureal]) x 10m-n{ureallureaod) mM MOPS (pH 7). Refolding from the SDS-denatured state

Go-nreal- e was carried out by denaturing the protein in 14 mM SDS
1+ 10™N 0%

2 2 To simplify comparison between equilibrium and kinetic data, we
) ) ) use logKp-y rather tham\Gp-n. The two parameters are interconverted
whereYqpsis the observed signaly andop denote the signal  with the relationshipnGp -y = —1.36 logKp .
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and diluting it 6-fold into 16 mMo-cyclodextrin in 10 mM
MOPS (pH 7) 23).

For stopped-flow CD measurements, the SFM-400 acces-

sory unit from Biologic (Claix, France) was mounted on the
Jasco J-715 CD spectropolarimeter. On average, 12 runs wer
recorded and the subsequent time profile was fitted to a
single-exponential function. Folding and unfolding experi-
ments (Mad 1 and wild-type Bet v 1) were carried out by
4-fold dilution of the protein into the appropriate buffer.
Refolding experiments were here carried out from the pH-
denatured state.

The analysis of the kinetic data is based on a linear
relationship between the log of microscopic rate constants
and the urea concentratioB, (L9), in a manner similar to eq
1:

log k "**= log k ***"+ m,[urea] (6)
where x refers to folding (f) or unfolding (u) and thevalues
refer to the burial of surface area in the transition state
relative to the ground state from which the reaction starts.

In the simple two-state case, where there is no intermediate

between D and N, the observed rate conskapt= ki + k.
As a consequence of this, the chevron plot (a plot ofdgg
Vs urea concentration) will be V-shaped, with two straight
lines meeting at the midpoint of denaturation, [uggg]cf.
eq 7 below). A further test of the two-state model is the fact
that Kp—n = kilk, andmp_y = my — my. The accumulation
of on- or off-pathway intermediates during folding will give
rise to deviations from linearity in the refolding region of
the plot (eqs 9 and 10). The above interpretation ofrthe
values means that the/mp_y ratio (also known agr) is
an indication of the compactness of the transition state of
folding relative to the native state.

The following equations were used to fit rate constants
determined from stopped-flow experiments (see Results for
further details).

(A) Two-state folding according tdbf
Scheme 1
k
D * N
Iog kobs=

|og[10(IOg kfwmeq-m[urea])_{_ 10(|og kUWateLmh[urea])J (7)

Here the observed rate constémis = ki + K.
(B) Two-state folding with curvature in the unfolding limb
(Scheme 1 with a moving transition stat@}):

log k= log[10egk e rmiureal) 4
lo(log ku""ale%rm[urea]-krm*[urea]z)] (8)

Again, kops = ki + k,. my* is a constant which describes the
curvature in the plot of lodk, versus urea concentration.
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Ficure 2: Equilibrium denaturation of wild-type Be 1 followed
by CD (@) and fluorescenced), of Bet v 1 Y120W followed by
fluorescencel), and of Mal d 1 followed by CDM). The solid
lines represent the best fits to eq 2.

(C) Folding with an on-pathway folding intermediate
according to 25)

Scheme 2
K Kk
D‘_"kTN

IOg kobs:

watel
10009'(‘ rmureal) + 1O(Iog k,vatet-m [urea))| (9)

1+ lo—(log K,wateti-my[ureal)
Here kops = kify + ky, wheref, = [I]/([I] + [D]) and K, =
[1/[D].
(D) Folding with an off-pathway folding intermediate
according to [, 25

Scheme 3

IOg kobs =
10(Iog kivate-my[ureal)

log + pofeakuermiuwealf (1 g)

14 lo(log KcWvatet-me[urea])

Herekons = kifp + ky, wherefp = [D]/([D] + [C]) andKc =
[CVID].

RESULTS

Equilibrium Denaturation: Bet' 1 Unfolds in a Coopera-
tive Fashion and Exhibits Low StabilityVe start out with
a characterization of the equilibrium denaturation of Bet v
1 in urea so we can have a basis for comparing the kinetic
data® Bet v 1 unfolds with a single transition around 2.4 M
urea according to both Tyr-based fluorescence spectroscopy
and far-UV CD (Figure 2). The close correspondence

3Urea is used rather than the more potent denaturant guanidinium between fluorescence and CD experiments indicates that
chloride for two reasons. First, denaturation occurs at low urea folding intermediates do not accumulate to any significant
concentrations, and the use of guanidinium chloride leads to an evengytant ynder equilibrium conditions. The calculated stability
narrower concentration range for folding (data not shown). Second, . . .
of 5.84+ 0.75 kcal/mol (Table 1) is relatively low, as might

urea is not a salt, and therefore, we avoid complications from changes S |
in ionic strength. be expected for a protein with a reduced hydrophobic core.
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Table 1: Kinetic Parameters for Folding of Wild-Type Bet v 1tBel Y120W, and Mal d &

wild-type Betv 1

kinetics Bev1Y120W wild-type Mal d 1
parameter on-pathway off-pathway equilibrium kineticé equilibrium kinetic$ equilibrium

m (ML) —0.013+0.15 —1.79+0.14 - —1.59+ 0.05 - —1.024+ 0.03 -

my, (M~ 0.23+0.02 0.23+ 0.02 - 0.27+ 0.02 - 1.52+0.14 -

mr (M —2) — — - - - —0.10+ 0.014 -
mymidpoint (\] 1) - - - - - 1.06+0.14 -

m (M™Y) —1.784+0.11 —1.784+ 0.04 - - - - -

mMo-n (M7Y) 2.01+0.18 2.02+0.14 1.77+0.22 1.86+0.04 1.93+0.19 2.08+0.14 2.04+ 0.22
ki (s™Y) 12.3+0.45 644+ 62 — 125+ 3.3 - 6.53+ 0.26 -

ki (s7h) 0.009+ 0.0004 0.009t 0.0004 - 0.002+ 0.0002 - (7.5+0.4) x 10759 -

K, (s)e 30+ 4.9 51+ 8 - - - - -
[ureakos (M) 251 251 2.43:0.07 2.59%0.09 246+ 0.03 2.38 2.6% 0.03
AGp-y (kcal/mol —6.63+0.40 —6.63+0.40 —5.844+0.75 —6.544+0.16 —6.46+0.64 —6.72+0.31 —7.29+0.79
BrTSi 0.87 0.89 0.86 0.49

a All conditions at pH 7.0 and 25C. Errors are standard errors of the parameters from the best fits to the different eqtddatasbased on
the on-pathway folding scheme ® | < N) (eq 9).¢ Data based on the off-pathway folding scheme<¢M < N) (eq 10).¢ Data based on a
two-state folding scheme (B~ N) (eq 7).¢ Data based on two-state folding with curvature in the unfolding limb~IN) (eq 8).f m midroint = m,
+ 2[ureakowm*. 9 Based on linear extrapolation from the midpoint of denaturati@alculated from eq 3.41™S = —my/(mmont — my). | Unfolding
data for Bé v 1 showed slight curvature and could be fitted to a second-order polynomium waiti emlue of —0.031+ 0.02 M2 This increased
mp-n from 2.01 to 2.15+ 0.20 at the midpoint of denaturation, which does not significantly affect our conclusions.

Typically, globular proteins havAGp_y values in the range
of 5—15 kcal/mol @6). of 1.20 kcal mot! K1 is rather low; a protein of 159
To measure the stability of Bes 1 by anindependent  residues would be expected to have a value around 2.4 kcal
method, we have used data from thermal denaturation scansmol™ K™ (29, 32). This suggests that factors other than
To calculate the stability of Bev 1 at 25°C, we need to ~ Simple burial of hydrophobic surface area contribute to the
determine the specific heat capacity@,). Although AC, magnitude of themp—n and AC;, values. For example, the
values can in principle be obtained from individual thermal desolvation of polar groups makes a small but positive
scans, these values are second derivatives of the temperatureontribution toAC, (28), while the effect of these groups
plot, making them notoriously inaccurate. Instead, we exploit On them value is unclear. Furthermore, the configurational
the fact thatAC, = dAH/dT. Making the common assump-  freedom gained upon protein unfolding accounts for up to
tion that AC, is pH- and temperature-independent in the 20% of the total heat capacity increasSS)(
temperature range of 20 °C, one can determin&C, from Wild-Type Betw 1 Folds According to a Three-State Model
the slope of a plot of\Hr, versus the melting temperature  with an Intermediate that Has Off-Pathway Characteristics.
Tm (27). We performed thermal denaturation scans of Bet v Although Be v 1 has no Trp residues, the seven Tyr residues
1 in the pH range of 3:510.1, where it is predominantly  give rise to a small but measurable signal change upon
native at 25°C (the pH denaturation plot shown in Figure folding and unfolding (cf. Figure 2). We were therefore able
3A indicates an acid transition around pH 3.6 and an alkaline to perform fluorescence-based stopped-flow experiments to
transition around pH 10.5; the protein has the highigsat measure refolding and unfolding rates (Figure 5). Unfolding
pH 7, where it melts at 67.7C, as shown in Figure 3B). A data could be fitted to a single-exponential decay with a slow
plot of AHr,, versus the melting temperatufe (Figure 4) linear drift, the latter of which may be ascribed to photo-
fits reasonably well to a straight line with a slop&() of bleaching. Refolding rates, on the other hand, gave rise to
1.20+ 0.19 kcal mot* K~ Using this value oAC, in eq clear double-exponential decays with two well-separated
5 together with theAHr, value intrapolated to 67.7C from phases. Like the fast phase, the rate of the slow refolding
Figure 4 (64.4 kcal/mol), we can calculate the stability of phase decreased linearly with urea concentration (data not
Bet v 1 at pH 7 using eq 5 to be 4.48 0.75 kcal/mol,  shown). It is customary to ascribe slow refolding phases to
which is compatible with the urea denaturation data. one of three phenomena, either transient aggregation during
mp-n and AC, are both measures of the difference in folding (34, 35), the formation or decay of folding intermedi-
solvent-accessible surface area between D andniN.y ates (1), or heterogeneity of the denatured state, commonly
reflects the difference in the number of unspecific denaturant cis—transisomerization about prolytpeptidyl bonds §6—
binding sites, whileAC, predominantly comes from the 38). Aggregation can be ruled out, as the refolding rate
release of water as nonpolar groups are bu2&tg0), with constant did not vary significantly with concentration over
the nuance that heat capacity changes for aliphatic anda 10-fold range (data not shown). As described below, rate
aromatic groups differ slightly28, 30). Since heat capacity ~ constants from the fast phase alone provide data for a model
changes andh values both reflect the burial of surface area, which is consistent with equilibrium denaturation data. This
they should roughly correspond; indeed, for the cold-shock makes it possible to discount intermediate formation as the
protein CspB, 90% of the total heat capacity change and 96%reason for the slow phase. This leaees-transisomeriza-
of themvalue change occur between the unfolded state andtion as the only remaining explanation. However, including
the transition state3(). In the case of Bet v 1, thep_y the prolypeptidyl isomerase cyclophilin in the refolding
value of 1.77+ 0.22 M is slightly higher than the buffer did not affect the slow rate constant when refolding
corresponding values of most globular proteins with a similar from the acid-denatured state (data not shown). Thus, either

number of residues (data not shown), whereag\iigvalue
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60 - ¢ { % 7 denaturation experiments in two different ways. (1) Bet v 1
} was acid-denatured and refolded by pH-jumping it to pH 7
o 55 h in the presence of-80.6 M urea. (2) Bev 1 was denatured
:E ? in SDS, and refolding was initiated by mixing it with excess
50 8 o-cyclodextrin, which strips the SDS molecules off the
l protein, leaving the denatured protein to refold in the absence
45 i : of SDS and urea. The latter method has been shown to lead
L) to the expected folding rates for a number of different
40 - s - proteins, including ones with refolding rate constants in
excess of 100 $ (23). There is good correspondence
35 I 1 L L L between rate constants for refolding from the acid- and urea-
0 2 4 6 8 10 12 14 denatured state in the overlapping concentration region

pH (Figure 5). In addition, the value for refolding from the SDS-
FIGURE 3: pH stability of wild-type Bév 1 asmeasured by (A) denatured state in water (12.1%sagrees well with the value
ellipticity at 222 nm and (B)T,, determined from thermal scans for the acid-denatured state measured by fluorescence (13.1
followed by CD. The error bars represent the standard error of the s~1) and CD (10.1 sb).
mean from three experiments. Importantly, the combined refolding data clearly indicate
that logk; does not vary linearly with urea concentration in
traditionalcis—trans proline isomerization in the denatured the whole refolding region of the chevron plot (Figure 5).
state is not rate-limiting, or cyclophilin does not have access Simple two-state folding predicts that both Ikgand logk,
to cis prolyl—peptidyl bonds in denatured Bet v 1. The latter vary linearly with urea concentration (eq 7 in Experimental
could happen if theis bonds impart more persistent structure Procedures). The so-called rollover below tavl urea, in
to the denatured state. On the other hand, the slow refoldingwhich the slope of the refolding limb decreases significantly,
phase extrapolates to 0.3'sn 0 M urea, which is rather  suggests that an intermediate accumulates transiently during
fast for conventional isomerization steps [typical rate con- refolding. The rollover arises because of a switch in the
stants are on the order of 13-10* s (39)]. Nonprolyl ground state from which folding occurs, namely, from the
cis—trans isomerization cannot be ruled outQ). In the intermediate state at low urea concentrations to the denatured
following, we will concentrate on the fast phase only to state at higher concentration25. As the intermediate
analyze our data according to the “pathway” approach becomes more and more stable at lower denaturant concen-
outlined in the introductory section and Experimental trations, the activation barrier to refolding increases, slowing
Procedures. Here pathway refers to the average trajectoryfolding. However, on the basis of our data in Figure 5 alone,
of the whole interconverting protein ensemble through the we cannot distinguish between productive on-pathway
energy landscape. intermediate | (D | < N, Scheme 2) and off-pathway
Folding experiments in which Bev 1 is refolded by intermediate C (G> D < N, Scheme 3)25). In the latter
diluting out from the urea-denatured state (here 4.4 M) only case, the protein has to unfold from the C state back to the
allow us to assess refolding down to 0.4 M urea. It is D state to fold. Both pathways can be fitted satisfactorily to
important to go downd 0 M urea to investigate the possible the kinetic data and yield identical predictions for the stability
existence of kinetic intermediates, because they tend toof the native state (Table 1). Complete resolution of the
accumulate only at very low denaturant concentrations. To pathway requires us to measure the rate constants for
extend the range down O M urea, we performed additional formation and decay of the intermediatél), which is
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FiGure 5: Log of the observed rate of folding and unfolding of [Na SO | (M)
wild-type Be v 1 (O and®, respectively), of Bev 1 Y120W (x), 24

and of the structural homologue M#1 (A) vs urea concentration.  FIGURE 6: Log of the observed rate of folding of wild-type Bet v

In the refolding limb of wild-type Bet v 1, the empty circles 1 vs NaSO, concentrationn O M urea Q) and 2.1 M urea®). In
represent refolding from the pH-denatured state and the filled circles 0 M urea, the intermediate is the ground state from which refolding
that from the urea-denatured state except for the filled circle values occurs, whereas in 2.1 M urea, folding occurs from the denatured
at 0 M urea, which represent refolding rates from (a) the SDS- state. The dramatic decrease in refolding rates with increasing salt
denatured state and (b) as measured by CD instead of fluorescenceconcentrationsts) M urea is strong evidence that the intermediate
The data for wild-type Bev 1 can be fitted to a three-state scheme s off-pathway.

with an on- or off-pathway intermediate (eqs 9 and 10), while those

for Y120W are fitted to a simple two-state folding scheme (eq 7)
and those of Mid 1 to atwo-state folding scheme with unfolding case of Bet v 1, we have measured the effect of salt under

curvature (eq 8). two different circumstances: (1) when the intermediate is
the dominant species (0 M urea) and (2) when the intermedi-

beyond our technical scope. Nevertheless, there is a simpleate does not accumulate (2.1 M urea). Whert Bel is
assay which can shed more light on this. Inorganic salts suchréfolded into bufferm 0 M urea, the two folding scenarios
are preferentially excluded from the protein surfat® (The y a factor of 36-50 in the absence of salt prior to folding,
more compact the state, the less salt must be excluded from./vhereas.m 2.1 M urea, the denatured state outnumbers the
the surface and the smaller entropic penalty the system musintérmediate by a factor of 16€200. The data are remark-
pay. Since a partially folded state is more compact than the@bly unambiguous (Figure 6)nl0 M urea, salt slows
denatured state, sodium sulfate will stabilize this state relative "€folding 100-fold between 0 and 0.6 M 80, (Mna,sq,omurea
to the denatured state and at sufficiently high salt concentra-= —3.25 & 0.25), whereas in 2.1 M urea, refolding is
tions will force it to accumulate transiently during the @accelerated 400-fold over the same ran@Rafso, 2 1murea=
refolding process. The native state will ultimately form, 4-41+ 0.25). This trend is exactly as predicted by the off-
because it is the most compact state and therefore mospathway model, butis very difficult to reconcile with an on-
favored by salt. However, even transient accumulation of a Pathway folding model.
folding intermediate will have a profoundly different effect ~ The data are analyzed according to both scenarios (egs 9
on the observed folding rate constant, depending on whetherand 10) and the results presented in Table 1. Both scenarios
it is on-pathway or off-pathway. In the off-pathway scenario, lead to the same predictions of stability, urea midpoint
folding is limited by the fraction of the protein which is in ~ denaturation value, antp-n. The good agreement between
denatured state O = [D]/([D] + [C])], and the more Cis  kinetic and equilibriunm and AG values indicates that no
stabilized by salts relative to D, the slower the observed rate additional folding steps, such as the slow refolding phase,
constant. In contrast, the on-pathway scenario leads to foldingare required to describe our system (cf. Experimental
being limited by the fractiof [[I}/([l] -+ [D])], and the more ~ Procedures).
| is stabilized, the faster the rate constant should be (the A Single Nondestabilizing Mutation Can Shift Bet to
transition state for folding, which is generally more compact Two-State Folding Behéor. To improve the fluorescence
than I, will be stabilized even more than I, and therefore, signal associated with folding, we produced the Y120W
the activation barrier decreases with salt concentration). mutant. On the basis of the structure of Bet v 1, the Trp was
Under conditions where folding occurs directly from the introduced in position 120 (see Figure 1), because the Trp
denatured state and the intermediate does not accumulateywould be expected to be buried in the native state and thus
rate constants should also be accelerated by salt due to théead to a significant change in fluorescence compared to the
stabilization of the transition state. denatured state. Equilibrium unfolding of Y120W is ac-
We have previously shown that the intermediate, which companied by a 70% reduction in the magnitude of the
accumulates when ribosomal protein S6 folds in the presence(large) fluorescence signal, as opposed to the 30% increase
of NaSQ,, is off-pathway, since it slows folding’). In the in the magnitude of the (small) Tyr fluorescence signal
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associated with unfolding of wild-type B& 1 (Figure 2).

The stability of Y120W is almost identical to that of wild-
type Beé v 1 (Table 1). However, there is an important
difference in the folding kinetics. Although Y120W also
exhibits biphasic refolding kinetics, there is no rollover for

Mogensen et al.

the productive folding pathway. The salt-based kinetic data
are also compatible with a scenario in which the intermediate
is formally on-pathway, but in which the transition state
between the intermediate state and the native stalesss
compact than the intermediate (and therefore is less stabilized

the fast phase at low urea concentrations (Figure 5). Insteadpy salt, so the activation barrier for refolding increases with
we see the V-shaped chevron plot characteristic of proteinssalt concentration). Even such an esoteric case would indicate

folding without an intermediatel@). Importantly, them

that the intermediate must rearrange substantially (i.e.,

values and calculated stability are in excellent agreement with partially unfold) to proceed with folding. In both cases, the
equilibrium data (Table 2), which are calculated on the basis intermediate state has characteristics which set it apart from
of a two-state system. This shows that our system is internally conventional “productive” intermediate states.

consistent. Together, these observations indicate that the The Tyrl20— Trp mutation, originally introduced to
Tyrl20— Trp mutation appears to have reduced the extent provide a better spectroscopic handle on the folding process,

of accumulation of the compact intermediate to an undetect-

able level.

The Homologous Protein Mal 1 Folds as a Two-State
System with a Cued Unfolding Limb and a Dramatically
Shifted Reaction Coordinate for the Transition Stafe.
extend our analysis of proteins with large cavities, we
characterized Mal d 1, which is 57% identical totBel in

turned out to have the added effect of abolishing the
accumulation of this intermediate. On the basis of data from
protein S6, we recently introduced the temmatekeeper
residues that is, residues whose major function is not so
much to stabilize the native state as to prevent the formation
of misfolded and/or aggregated states of the protgi3g).

This was based on the observation that various mutations in

sequence. Like wild-type Bet v 1, it has no Trp residues, S6 strengthen the protein’s propensity to form a misfolded
and the 10 Tyr residues do not lead to a fluorescence signalcompact state or its tendency to aggregate during refolding.
which can be used to monitor folding and unfolding (data Thus, the original residues in the wild-type protein reduced
not shown). Consequently, all characterization is done by this aberrant behavior. In the case of Bet v 1, Tyr120 seems
CD. The equilibrium denaturation data indicate that the to be a negative gatekeeper, since it actually encourages the

protein is slightly more stable than Be 1 (Table 1). This

transient formation of a misfolded state, which is subse-

could possibly be attributed to the predicted smaller size of quently suppressed by the Tyr126 Trp mutation. This is

the cavity (D. E. Otzen, unpublished results), although
residue substitutions relative to Be 1 could just as well
explain the difference in stability.

All kinetic data could be fit to a single exponential without
drift, and reveal a chevron plot with a completely linear
refolding limb and a curved unfolding limb (Figure 5). The

curvature in the unfolding limb has been suggested to arise

from a shift in the position or compactness of the transition

analogous to the suppressor mutations which inhibit inclusion
body formation in bacteriophage protein P22, probably by
restricting access to misfolded states with marked aggregation
propensities 44).

It is remarkable that a single conservative mutation can
have such dramatic consequences. The strict linearity of
Y120W'’s chevron plot downa O M urea implies that the

intermediate has been destabilized relative to the denatured

state in response to changes in denaturant concentration foPtat€ by a factor of at least 100, translating into at least 2.7

a protein which otherwise folds without folding or unfolding

intermediates24). Accordingly, the data were fitted to eq

8. Previous analysis of curved unfolding limbs in other
proteins @43) suggests that the unfolding rates vary with
denaturant concentration in a linear fashion intfelding

region of the chevron plot, where the unfolding rates cannot Structure,
be measured directly by stopped-flow methods. When we

extrapolate the unfolding rate from the midpoint of dena-
turation using them, value calculated at the midpoint of
denaturation, we obtain kinetic parameters which are in
excellent agreement with the equilibrium data. It is note-
worthy that the position of the transition state on the reaction
coordinate, thegr parameter, is shifted to 0.49 in Mal d 1
(at the midpoint of denaturation) from 0.86.89 in Betv 1
and Y120W, indicating that the transition state for folding
of Mal d 1 ismuch less compact than that of Bet v 1.

DISCUSSION
Tyrl20, an Example of “Negate Gatekeeping”.There

kcal/mol. The transition state as such is not stabilized by
the mutation relative to the denatured state, since the folding
rate for Y120W is actually decreased somewhat compared
to the extrapolated value for the wild type (Table 1). Since
compact intermediate states generally have fluctuating
individual residues should contribute less to
stability in an intermediate than in the native state. However,
a severe steric clash caused by the extra imidazole ring of
Trp, compared to Tyr, has presumably destabilized the
intermediate sufficiently to eliminate its accumulation alto-
gether, although there is no comparable effect on the stability
of the native state. This is a hallmark of a gatekeeper residue.
In contrast, for proteins folding through on-pathway inter-
mediates, it is not unusual for mutations or increases in
temperature to have destabilizing effects on both the native
state and the intermediate sta#h,(46), or on the native
state but not the intermediate statey); For example, the
destabilizing V26A mutation caused the three-state folder
ubiquitin to revert to apparent two-state behavior, although
the protein still manifested three-state folding in the presence

is good evidence that the intermediate which accumulatesof the stabilizing NaSO, salt. We attempted to produce

during Bet v 1's folding at low denaturant concentrations is
off-pathway. While the data in the chevron plot (Figure 5)

additional mutants of Bev 1 to ascertain whether introduc-
tion of a Trp residue elsewhere in the protein would have a

are compatible with both off- and on-pathway scenarios, the similar effect; unfortunately, these mutants were not ex-

variation of refolding rates as a function of salt concentration
(Figure 6) is a strong indication that the intermediate is off

pressed irEscherichia colat levels sufficient for biophysical
analysis (data not shown).
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Partially folded states classified as on-pathway intermedi- more clearly shown at the level of individual residues
ates (according to a B> | <= N scheme) can also contain  constituting the threec-helices. It is tempting to speculate
elements of non-native structure, as reported for 48], ( that the reason for Bet v 1's more compact transition state
HPr (49), and Rd-apocyse, (50). In these cases, non-native lies in the pronounced helix propensity in the denatured state
hydrophobic side chain interactions are presumably repairedcompared to that of Mal d 1. The following scenario could
too rapidly to decrease folding rates; for Im7, they may even be proposed. The denatured state in urea at low pH has a
be required to maximize stabilization of the folding inter- very low level of structure (as manifested in the high value
mediate 48). These effects do not appear to be at play in of mp_y). However, upon initiation of folding by transfer of
Bet v 1, where removal of non-native interactions seems to Bet v 1 from urea at low pH to a low denaturant concentra-
be the key to fast and productive folding. It would seem tion at neutral pH, the denatured state rapidly rearranges to
highly unlikely that the interactions in Bet v 1's C state, a state with significant helical structure, leading in turn to
which are destabilized by the Y120W mutation, are native- more helical structure in the transition state. Conversely, Mal
like in origin but lead to a kinetic impasse. If this were the d 1 has less helical structure in the denatured state at the
case, the Y120W mutation would also destabilize the native start, and attains a lower level of structure in the transition
state, and that is clearly not the case. In a biological context, state. This implies that the folding pathways of the two
it probably has no serious implications on reducing a folding proteins are substantially different. Resolution of this issue
rate from 125 st (Bet v 1 Y120W) to 13 st (wild-type Bet requires a comprehensigevalue analysis based on a large
v 1). This is presumably why there has been no selection number of mutants5Q).
against this residue. Note that local propensity differences cannot explain the

Shift in Transition State Position among Homologous formation of an off-pathway intermediate, C.Bel also
Proteins.We cannot simply attribute the existence of the exhibits higha-helix propensity around residues-9802,
off-pathway intermediate to the presence of the cavity, since which constitute part gf-strand 6. However, Mal 1 has a
the cavity-containing Mal d 1, which also has a Tyr in the similar a-helix propensity in the same region (residues-99
equivalent position, does not accumulate an intermediate.108). Furthermore, the Y120W mutation, which abolishes
Despite the close sequence homology betweervBeand accumulation of C, does not lead to any difference in the
Mal d 1, the structures of the transition states appear to behelix propensity profile. More complex structural interactions
very different, with that of Bev 1 being significantly more  are presumably involved in the formation of C.
compact g+ = 0.87) than that of Mal d 14 = 0.49) at the
midpoint of denaturation. An additional change is the ACKNOWLEDGMENT
presence of substantial curvature in the unfolding limb of
Mal d 1's chevron plot, whigh implies that the valueﬁaf_ We thank K&re Meno for help in preparing Figure 1A.
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